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PULSE SEQUENCE AND METHOD FOR SUPPRESSION OP MAGNETO- 
ACOUSTIC ARTIFACTS IN NMR DATA 

FIELD OP THE INVENTION 

5 The present invention concerns nuclear magnetic 

resonance (NMR) pulse sequences such as those used in 
evaluating earth formations. More specifically, the 
invention relates to pulse sequences and data acquisition 
methods which eliminate the effects of spurious signals 
10 caused by mechanical resonances within the measurement 
apparatus . 

BACKGROUND OF THE INVENTION 

Pulsed nuclear magnetic resonance (NMR) measurements 
15 alternate between transmitting high-powered radio-frequency 
(r.f.) pulses and receiving low- level response signals in a 
matter of a few ten or hundred microseconds. The combination 
of a strong static magnetic field and radio frequency pulses 
tend to excite mechanical resonances within the measurement 
20 apparatus, which resonances in turn cause an interference 
signal induced in the receiver system by a microphonic 
effect. 

It has long been known that the interference arising 
25 from imperfect "refocusing" pulses can be canceled by 
repeating the measurement with the r.f. phase of the 
ref ocusing pulses inverted. This phase reversal does not 
affect the NMR signal, but inverts the phase of the 
interference. By acquiring both magnitude and phase of the 
30 compromised signals and by adding complex-valued 
measurements, the NMR signal is enhanced, while the 
"ref ocusing" interference is eliminated. 

The above error cancellation scheme has become standard 
35 in practice, but it does not address interference problems 
arising from the "excitation" pulse, which typically is the 
first pulse in a long series of pulses. Changing the 
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excitation phase would also change the phase of the NMR 
signal: excitation interference and NMR signal are always in 
phase with each other. Since often only the first data point 
("echo") is affected by excitation interference, it is 
5 customary to eliminate this first data point from the data 
set. The first data point, however, contains valuable 
information about fast time-dependent behavior of the NMR 
sample and therefore having to ignore this point is an 
unsatisfactory solution. 

10 

The method of the present invention, described in more 
detail below, uses a novel cycle of pulse sequences to reduce 
the effect of "excitation" interference, on the basis of 
changing the measurement frequency between certain pulse 

15 sequences. Naturally, the method is especially useful for 
NMR measurements in which small changes in frequency can 
readily be allowed or tolerated. For example, laboratory- 
type NMR machines typically operate in homogeneous fields 
with a single, well-defined frequency. Changes in frequency 

20 are employed either to follow fluctuations in the main 
magnetic field, or to enable magnetic resonance imaging 
(MRI) . NMR machines built for wireline logging or similar 
industrial applications are much more robust with respect to 
small changes in frequency. Therefore, the proposed solution 

25 is well-suited for industrial NMR applications. 

The method of the present invention uses prior art NMR 
apparatuses and logging tools to obtain previously 
unavailable data relating to the fast time-dependent behavior 
30 of an NMR sample. In particular, a novel pulse sequence is 
proposed and used to obtain improved NMR data by eliminating 
spurious signals corresponding to mechanical resonances in 
the measurement apparatus induced by the r.f. excitation 
pulse. 
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SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention to 
provide a method for improving the accuracy of borehole NMR 
logging measurements. 

5 

It is another object of the present invention to provide 
a method for improving the short time resolution of borehole 
NMR logging measurements. 

10 It is yet another object of the present invention to 

provide a method for suppressing of magneto-acoustic 
artifacts in NMR data obtained from logging measurements. 

These and other objects are accomplished in accordance 
15 with a preferred embodiment of the present invention by a 
novel cycle of pulse sequences and a data acquisition scheme 
that employ existing NMR logging instruments. The novel 
cycle of pulse sequences of the present invention is 
characterized by a change in the measurement frequency 
20 between pulse sequences. In a preferred embodiment of the 
present invention, the frequency change is chosen so that 
spurious signals induced by the excitation pulse may be 
significantly reduced by combining NMR signals from 
corresponding echoes received in response to each measurement 
25 frequencies. 

In accordance with the present invention, one can 
determine petrophysical properties of a geologic formation 
more accurately by reducing the effect of spurious signals 

30 arising from the excitation pulse. In particular, 

significant errors in the first spin-echo are corrected in 
accordance with a preferred embodiment of the present 
invention, which therefore provides increased short time 
resolution and allows improved detection and quantification 

35 of components which are associated with short relaxation 
times such as clay-bound water. In turn, this more accurate 
measurement of the clay-bound water improves d termination of 
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the total porosity and use of the resistivity interpretation 
model. 

More specifically, in a preferred embodiment of the 
5 present invention an NMR method for measuring attributes of a 
material is disclosed, comprising the steps of: (a) applying 
at least one first pulse-echo sequence having an associated 
measurement frequency F,; (b) applying at least one second 
pulse-echo sequence having an associated measurement 

10 frequency F 2 different from F,; (c) measuring NMR signals 

corresponding to the first pulse-echo sequence and the second 
pulse-echo sequence, these NMR signals representing spin-echo 
relaxation in the material, at least some of the measured NMR 
signals being corrupted by spurious signals; (d) combining 

15 measured NMR signals from the first pulse-echo sequence and 
from the second pulse-echo sequence to reduce the effect of 
said spurious signals; and (e) determining properties of the 
material on the basis of the combination of measured signals. 

20 In another preferred embodiment of the present invention 

which is directed to borehole logging, a method for NMR 
borehole logging is disclosed, comprising the steps of: (a) 
providing at least one first pulse-echo sequence associated 
with a first measurement frequency F,j (b) providing at least 
25 one second pulse-echo sequence associated with a second 

measurement frequency F, different from F,; (c) measuring NMR 
signals corresponding to the first pulse-echo sequence and 
the second pulse-echo sequence, the NMR signals representing 
spin-echo relaxation of a geologic formation in the borehole, 

30 at least some of the measured NMR signals being corrupted by 
spurious signals; (d) combining measured NMR signals from the 
first pulse-echo sequence and from the second pulse-echo 
sequence to reduce the effect of said spurious signals; and 
(e) determining properties of the geologic formation in the 

35 borehole on the basis of the combination of measured signals. 
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BRIEF DESCRIPTION OF THg pRfrWipGB 

For the purposes of understanding the principles 
underlying this invention, reference is now made to the 
drawings , in which: 
5 FIG. 1 is an illustration of a standard pulse sequence 

employed by NMR logging tools. 

FIG. 2 is an illustration of a phase-alternated version 
of the standard sequence shown in FIG. 1. 

FIG, 3 illustrates the cycle of pulse sequences in 
10 accordance with a preferred embodiment of the present 
invention. 

FIG. 4 is a standard field log illustrating curves from 
the first four data points from a phase-alternated CPMG 
sequence as a function of tool depth within a borehole. 
15 FIG. 5 illustrates the results of a field test of the 

novel cycle of pulse sequences and data acquisition method in 
accordance with a preferred embodiment of the present 
invention. 

FIG. 6 illustrates the increased resolution which 
20 enables detection and measurement of the clay-bound water 
content in accordance with a preferred embodiment of the 
present invention. 



25 



30 



35 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
The principles underlying this invention are described 
below with a more specific reference to an embodiment which 
is directed to improved NMR borehole logging methods. 

5 

There are two versions of modern pulse-NMR logging tools 
in use today: the centralized MRIL® tool made by NUMAR 
Corporation, and the side-wall CMR tool made by Schlumberger. 
The MRIL® tool is described, for example, in U.S. Pat. 

10 4,710,713 to Taicher et al. and in various other publications 
including: "Spin Echo Magnetic Resonance Logging: Porosity 
and Free Fluid Index Determination," by Miller, Paltiel, 
Millen, Granot and Bouton, SPE 20561, 65th Annual Technical 
Conference of the SPE, New Orleans, LA, Sept. 23-26, 1990; 

15 "Improved Log Quality With a Dual-Frequency Pulsed NMR Tool," 
by Chandler, Drack, Miller and Prammer, SPE 28365, 69th 
Annual Technical Conference of the SPE, New Orleans, LA, 
Sept. 25-28, 1994). Details of the structure and the use of 
the MRIL® tool are also discussed in U.S. patents 4,717,876; 

20 4,717,877; 4,717,878; 5,212,447; 5,280,243; 5,309,098; 

5,412,320; 5,517,115 and 5,557,200, all of which are commonly 
owned by the assignee of the present invention. 

The Schlumberger CMR tool is described, for example, in 
25 U.S. Pats. 5,055,787 and 5,055,788 to Kleinberg et al. and 
further in "Novel NMR Apparatus for Investigating an External 
Sample," by Kleinberg, Sezginer and Griffin, J. Magn. Reson. 
97, 466-485, 1992. 

30 The content of the above patents and publications is 

hereby expressly incorporated by reference. It should be 
understood that the present invention is equally applicable 
to both hardware configurations discussed above. 

35 With reference to the attached drawings, Fig. 1 shows a 

standard pulse sequence typically employed by NMR logging 
tools, such as the Numar MRIL and the Schlumberger CMR 
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tools. As shown in Fig- 1, an excitation pulse (E x ) with 
radio frequency (r.f.) phase of zero degrees is first 
applied- An echo train foil ws, with a wait time of r(tau) 
between the excitation pulse and the first refocusing pulse, 
5 and between the refocusing pulses (Ry) and the acquisition 
windows (A) . The phase-alternated version of the standard 
CPMG sequence is depicted in Fig. 2. This sequence is 
identical to the standard sequence, except that the 
refocusing pulses (R. y ) are 180 degrees out of phase, i.e., at 
10 a phase angle of minus 90 degrees with respect to the 
excitation pulse. 

When the complex- valued NMR measurements acquired 
according to the standard and phase-alternated CPMG pulse 

15 sequences are added, the NMR signal is enhanced, and the 
interference arising from imperfect refocusing pulses is 
eliminated. This scheme does not however address problems 
associated with interference from the excitation pulse. In 
particular, the excitation pulse gives rise to microphonic 

20 interferences associated with mechanical resonances within 
the apparatus. These self -resonances occur within the 
measurement bandwidth but are not phase- locked to the NMR 
signal. These signals rather evolve with their intrinsic 
self-resonant frequency and exhibit a phase difference from 

25 the NMR signal that depends on the particular self-resonant 
frequency and the time delay between excitation and data 
acquisition. Typically , more than one self -resonance are 
located within the measurement bandwidth; their number and 
exact frequencies are in general unknown and also variable 

30 with time. 

In accordance with a preferred embodiment of the present 
invention, a cycle of pulse sequences is applied, where the 
pulse sequences correspond to two or more frequencies. By 
35 alternating between at least two closely spaced NMR 

frequ ncies, the same resonances are excited. Th phase 
difference between interference and NMR signal, however, 
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evolves differently between excitation and data acquisition. 
Specifically, if the frequency change is made equal to one- 
half of the time between excitation pulse and acquisition, an 
additional phase difference of 180 degrees is induced. 

5 

The novel cycle of pulse sequences in accordance with a 
preferred embodiment of the present invention is shown in 
Fig. 3. The first pulse sequence in the cycle is identical 
to the one shown in Fig. 1, and the third pulse sequence is 

10 identical to the one shown in Fig. 2. The second and fourth 
pulse sequences are applied at a different frequency from the 
first and third pulse sequences. Acquisition windows 
correspond to the ith echo in the jth pulse sequence. The 
frequency difference is a function of the time delay between 

15, excitation pulse and data acquisition: 

\Fzeq.l - Freg.2| = -^y , U> 

20 

where Freq.l is the frequency at which the first and third 
pulse sequences are applied, Freq.2 is the frequency at which 
the second and fourth pulse sequences are applied, and t is 
the constant delay time both between the excitation pulse and 
25 the first refocusing pulse and between the refocusing pulses 
and the acquisition windows. 

Further, in accordance with a preferred embodiment of 
the present invention, data from all four measurements shown 
3Q in Fig. 3 is added, which amplifies the NMR response and 
cancels both excitation and refocusing interference. In 
particular, data corresponding to the same acquisition slots 
are averaged using complex arithmetic: 



35 



8 



WO 98/43064 



PCI7US98/05703 



*i " 4 < A ii + A i* + A n + -« 14 ) i (2A) 

5 A 2 = 1 (A,, ♦ A 22 + A, 3 + , (2B) 

A 3 ■ -j (A 31 + A 32 + A 33 + A 34 ) f (2C) 

10 

. . .etc. . . , (2D) 

15 where averaged acquisition A k corresponds to the kth slot in 
each pulse sequence. Equation 2D indicates that this method 
can be used for an unlimited string of acquisition slots: as 
shown in Fig. 3, the refocusing pulses and corresponding 
acquisitions are repeated for the full length of the pulse 

20 sequence. Equation 2D, then, indicates that averaged 

acquisitions A k may be obtained for all acquisition slots k, 
in this example for slots k > 3. 

Measurement parameters which may be used in a preferred 
25 embodiment of the present invention are shown in the 
following Table of optimum frequency differences for 
different pulse spacings. 



30 




Evolution Time: 


Frequency 


T 






(2T) 


Difference: (l/4r) 


35 


0.50 ms 


1.0 ms 


500 Hz 


0.25 ms 


0.5 ms 


1,000 HZ 
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NMR machines typically operate at frequencies between 1 MHz 
and 100 MHz; therefore the frequency changes in the above 
table are on the order of 0.1% to 0.001% of the Larmor or, 
measurement frequency. 

5 

Results from field tests are illustrated in Figs. 4 and 
5. Figure 4 is a standard field log which shows curves for 
the first four data points (echoes) from a phase-alternated 
CPMG sequence as a function of tool depth within the bore 

10 hole. Tool speed in this experiment was 5 ft/min, logging 
uphole. Every 3 seconds, the tool performed a CPMG pulse- 
echo sequence with 1,000 echoes and a pulse-to-pulse spacing 
of 0.51 msec. Four consecutive measurements were averaged. 
The operating frequency was 747 kHz. In this case, the first 

15 data point, marked as Track 1 in Fig. 4, is always abnormally 
high as a result of excitation interference. 

Fig. 5 illustrates the results of a field test using the 
novel cycle of pulse sequences and data acquisition method of 

20 the present invention. The artifact which appears in Fig. 4 
is corrected by invoking the frequency-cycling method of the 
present invention. For the measurement corresponding to Fig. 
5, all parameters are were the same as that of Fig. 4, except 
that the operating frequency was alternated between 745 kHz 

25 and 746 kHz. Again, four consecutive measurements were 
averaged. Following the application of the ringing 
cancellation method of the present invention, the first data 
point, marked as Track 1 in Fig. 5, is shown to be correct. 

30 Further results from field tests of the novel frequency- 

cycling method of the present invention are shown in Table 1. 
Data with pulse-to-pulse spacings (2t) of 0.51, 0.6 and 1.2 
ms were acquired, both with and without the novel cycle of 
the present invention. The interference effect on the first 

35 data point without the present invention was a misreading 
ranging from -2 to +3 per cent of full scale. With data 
around 10 per cent of full scale, these are errors of -20% to 
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+30%. When the novel frequency-cycling method of the present 
invention is used, the systematic data error is reduced to an 
insignificant amount. 

5 TABLE 1. 

Data Set Frequencies 2l Commqnt$ 
TIM 747 kHz 1.2 ms first data points questionable 

T1R 747 kHz 1.2 ms first data points questionable 

T1MAGM 747.00/747.42 kHz 1 .2 ms first data points clean 
10 T1MAGR 747.00/747.42 kHz 1.2 ms first data points clean 

T2M 745 kHz 0.60 ms first data points in error 

T2R 745 kHz 0.60 ms first data points in error 

T2MAGM 744.60/745.40 kHz 0.60 ms first data points clean 
T2MAGR 744.60/745.40 kHz 0.60 ms first data points clean 
T3M 747 kHz 0.51 ms first data points in error 

T3R 745 kHz 0.51 ms first data points in error 

T3MAGM 745/746 kHz 0.51ms first data points clean 
T3MAGR 745/746 kHz 0.51ms first data points clean 

20 

Applications 

The MRIL® tool is capable of performing a variety of 
borehole NMR logging measurements the accuracy of which can 
be improved using the method of the present invention. See, 

25 for example, co-pending U.S. Patent Appl. Ser. No. , 

filed March 19, 1997, file wrapper continuation of U.S. Appl. 
No. 08/542,340 assigned to the assignee of the. present 
application, which teaches systems and methods for lithology 
independent gas detection. U.S. Patent Appl. Ser. No. , 

30 assigned to the assignee of the present application and which 
was filed March 13, 1997 claiming priority of provisional 
application Ser. No. 60/013,484, teaches, among other things, 
the use of a rapid-fire CPMG pulse sequence to detect and 
quantify components having very short relaxation times, such 

35 as clay-bound water. The content of the above patent 

applications is hereby expressly incorporated by reference. 
These and other NMR measurement methods using the MRIL® tool, 
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as well as measurement methods using the Schlumberger CMR 
tool, can be improved when performed in conjunction with the 
method of the present invention. 

5 In particular, as indicated above, the first echo in a 

CPMG echo train with echo spacing 0.51, 0.60 or 1.2 ms can be 
corrected using the method of the present invention. Data 
from the uncorrected echo trains is inaccurate for times 
shorter than 1.02, 1.2 or 2.4 ms, respectively because the 

10 first echo can not be used. The elimination of excitation 
interference clearly increases the spin-echo relaxation time 
resolution of the NMR measurement. For example, clay-bound 
water has spin-echo relaxation times on the order of 1 ms. 
Because of the corruption of the first data point, prior art 

15 methods were incapable of measuring relaxation signals of 
this order. As shown in Fig. 6, the increase in resolution 
using the method of the present invention enables one to not 
only detect but also measure the quantify of the clay-bound 
water component that is a contributing factor, for example, 

2 0 in total porosity measurements. This newly provided 
capability improves the utility and the accuracy of the 
measurements obtained using standard NMR tools. 

Although the present invention has been described in 
25 connection with a preferred embodiment, it is not intended to 
be limited to the specific form set forth herein, but is 
intended to cover such modifications, alternatives, and 
equivalents as can reasonably be included within the spirit 
and scope of the invention as defined by the following 
30 claims. 



35 
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wh* t is claimed is; 

1. An NMR method for measuring attributes of a 
material, comprising the steps of: 

a) applying at least one first pulse-echo sequence 
5 having an associated measurement frequency F x s 

b) applying at least one second pulse-echo sequence 
having an associated measurement frequency F 2 different from 

c) measuring NMR signals corresponding to said at 
10 least one first pulse-echo sequence and said at least one 

second pulse-echo sequence, said NMR signals representing 
spin-echo relaxation in the material, at least some of said 
measured NMR signals being corrupted by spurious signals; 

d) combining measured NMR signals from said at 
15 least one first pulse-echo sequence and from said at least 

one second pulse-echo sequence to reduce the effect of said 
spurious signals; and 

e) determining properties of the material on the 
basis of the combination of measured signals, 

20 

2. The method of claim 1 wherein said at least one 
first pulse-echo sequence and said at least one second pulse- 
echo sequence have an associated pulse echo spacing r(tau); 
and wherein: 

|2W 2 |" (n + ±)± , 



in which n is any integer or zero. 

30 

3. The method of claim 2 wherein said at least one 
first pulse-echo sequence and said at least one second pulse- 
echo sequence are Carr-Purcell-Meiboom-Gill (CPMG) sequences. 

35 4, The method of claim 3 wherein: 

said at least one first CPMG pulse sequence 
comprises two or more first CPMG pulse sequences, 
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at least one of said two or more first CPMG pulse 
sequences having refocusing pulses which are 180 degrees out 
of phase with the refocusing pulses of any other pulse 
sequence of said two or more first CPMG pulse sequences; 
5 and 

said at least one second CPMG pulse sequence 
comprises two or more second CPMG pulse sequences; 

at least one of said two or more second CPMG pulse 
sequences having refocusing pulses which are 180 degrees out 
10 of phase with the refocusing pulses of any other pulse 
sequence of said two or more second CPMG pulse sequences; 

and the step of combining comprises the step of: 
combining corresponding echo signals from said two 
or more first CPMG pulse sequences and said two or more 
15 second CPMG pulse sequences to reduce the effect on said NMR 
signals of imperfect refocusing pulses. 

5. The method of claim 1 wherein the property of the 
material being determined is its porosity. 

20 

6. The method of claim 1 wherein the spurious signals 
the effect of which is reduced are magneto-acoustic signals. 

7. A method for NMR borehole logging comprising the 
25 steps of: 

a) providing at least one first pulse-echo sequence 
associated with a first measurement frequency F t ; 

b) providing at least one second pulse-echo 
sequence associated with a second measurement frequency F x 

30 different from F x j 

c) measuring NMR signals corresponding to said at 
least one first pulse-echo sequence and said at least one 
second pulse-echo sequence, said NMR signals representing 
spin-echo relaxation of a geologic formation in the borehole, 

35 at least some of said measured NMR signals being corrupted by 
spurious signals; 
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d) combining measured NMR signals fr;om said at 
least one first pulse-echo sequence and from said at least 
one second pulse-echo sequence to reduce the effect of said 
spurious signals; and 
5 e) determining properties of the geologic formation 

in the borehole on the basis of the combination of measured 
signals* 

8. The method of claim 7 wherein said at least one 
10 first pulse-echo sequence and said at least one second pulse- 
echo sequence have an associated pulse echo spacing r (tau) ; 
and wherein: 



15 



in which n is any integer or zero. 



25 



9. The method of claim 8 wherein said at least one 
first pulse-echo sequence and said at least one second pulse- 

20 

echo sequence are Carr-Purcell-Meiboom-Gill (CPMG) sequences. 

10. The method of claim 9 wherein: 

said at least one first CPMG pulse sequence 
comprises two or more first CPMG pulse sequences, 

at least one of said two or more first CPMG pulse 
sequences having refocusing pulses which are 180 degrees out 
of phase with the refocusing pulses of any other pulse 
sequence of said two or more first CPMG pulse sequences; 
and 

said at least one second CPMG pulse sequence 
comprises two or more second CPMG pulse sequences; 

at least one of said two or more second CPMG pulse 
sequences having refocusing pulses which are 180 degrees out 
„ of phase with the refocusing pulses of any other pulse 
sequence of said two or more second CPMG pulse sequences; 

and the step of combining comprises the step of: 

15 
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combining corresponding echo signals from said two 
or more first CPMG pulse s qu nces and said two or more 
second CPMG pulse sequences to reduce the effect on said NMR 
signals of imperfect refocusing pulses. 

5 

11. The method of claim 7 wherein the spurious signals 
the effect of which is reduced are magneto-acoustic signals. 

12. The method of claim 7 wherein the property of the 
10 material being determined is its porosity. 

13. The method of claim 7 wherein the step of 
determining comprises the step of providing information about 
components of the geologic formation in the borehole which 

15 have very fast relaxation times. 

14. A method for NMR borehole logging comprising the 
steps of: 

a) providing at least one first pulse-echo sequence 
20 associated with a first measurement frequency F x ; 

b) providing at least one second pulse-echo 
sequence associated with a second measurement frequency Fi 
different from F w wherein: 

25 l F i- F *l - (n ^ii S 

in which n is any integer or zero; 

c) receiving NMR signals in response to said at 
30 least one first and said at least one second pulse-echo 

sequences; and 

d) determining properties of a geologic formation 
in the borehole on the basis of the received NMR signals. 

15. The method of claim 14 wherein said at least one 
first pulse-echo sequence and said at least on second pulse- 
echo sequence are Carr-Purcell-Meiboom-Gill (CPMG) sequences. 
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16. The method of claim 15 wherein: 

said at least one first CPMG pulse sequence 
comprises two or more first CPMG pulse sequences, 

at least one of said two or more first CPMG pulse 
5 sequences having refocusing pulses which are 180 degrees out 
of phase with the refocusing pulses of any other pulse 
sequence of said two or more first CPMG pulse sequences; 
and 

said at least one second CPMG pulse sequence 
10 comprises two or more second CPMG pulse sequences; 

at least one of said two or more second CPMG pulse 
sequences having refocusing pulses which are 180 degrees out 
of phase with the refocusing pulses of any other pulse 
sequence of said two or more second CPMG pulse sequences; 
15 and the step of combining comprises the step of: 

combining corresponding echo signals from said two 
or more first CPMG pulse sequences and said two or more 
second CPMG pulse sequences to reduce the effect on said NMR 
signals of imperfect refocusing pulses. 

20 

17. The method of claim 14 wherein the property of the 
geologic formation being determined is its porosity. 

18. The method of claim 14 wherein the step of 

25 determining comprises the step of providing information about 
components of the geologic formation in the borehole which 
have very fast relaxation times. 



30 
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LEGEND: 

E x EXCITATION PULSE WITH r.f. PHASE OF 0° 
Ry REFOCUSING PULSE WITH r.f. PHASE OF 90° 

A DATA SAMPLING AND ACQUISITION WINDOW 

— CONSTANT DELAY TIME T(tau) 



STANDARD CPMG NMR PULSE SEQUENCE 

FIG.1 



E x ~ R -y - A - R -y ~ A ~ R -y- A ~ R .y -etc. 

LEGEND: 

E x EXCITATION PULSE WITH r.f. PHASE OF 0° 

R_y REFOCUSING PULSE WITH r.f. PHASE OF -90° 
A DATA SAMPUNG AND ACQUISITION WINDOW 
— CONSTANT DELAY TIME T(tau) 

PHASE-ALTERNATED CPMG NMR PULSE SEQUENCE 

FIG.2 
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STATION DATA: d=1 157.0ft, DATA=1 1/16/95 




T2(ms) 



CLAY-BOUND 
WATER 
4.8% 



CAPILLARY MOVABLE 
BOUND WATER WATER 
4.9% 1.8% 



"TOTAL POROSITY"=TOTAL WATER VOLUME = 11.5% OF TOTAL VOLUME 



"EFFECTIVE POROSITY" = 6.7% 



FIG.6 
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